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1.Introduction
Pressure can induce not only the formation of the protein aggregation, but also prevent protein from forming the heat-induced aggregates and dissociate the protein aggregates [1] . The use of the aggregation-preventing pressure effect allows us to investigate the kinetics of the formation of intermolecular -sheet structure more easily because the pressure reduces the reaction rate. Furthermore, the activation volume obtained from the kinetic analysis can also characterize the heatinduced aggregation. Using aggregates-dissociating pressure effect, we can assume that the formation of aggregation is quasi-reversible and the thermodynamic approach of the formation of aggregates is successful [2] . Recently, several results of pressure experiments on the protein aggregation implied that the aggregates have a large number of voids in the interior [3] . This consequence is in agreement with the thermodynamics principle that the pressure shifts the equilibrium to conformational states occupying smaller partial molar volumes. However, there have been no quantitative reports providing volume changes for protein aggregation. The structure of the protein aggregates is proposed to be predominantly dependent on the hydrogen bond network in the extended intermolecular -sheet architecture of the peptide backbones [4] . Therefore, studies from the secondary structural viewpoint are important to clarify the mechanism of the protein aggregation. FT-IR spectroscopy is a powerful method for analyzing the secondary structure of proteins. The infrared amide I/I mode consists of the C=O stretching, C-N stretching, and C-C-N deformation modes of the peptide units, and appears in the region from 1620 to 1690 cm -1 [5] . This mode is diagnostically useful to examine the -sheet structure, which is one of the major structures of aggregates. Thus, we use FT-IR spectroscopy to elucidate the protein aggregation mechanism. Figure 1 -A shows typical FT-IR spectra in the amide I region of ESA solution in native state, pressure-, and heat-induced aggregated states. These aggregated states were checked by means of the optical microscopic observation in the diamond anvil cell under FT-IR spectroscopic measurement. The amide I mode consists of the C=O stretching, C-N stretching, and C-C-N deformation modes, and appears in the region from 1620 to 1690 cm -1 . This mode has been known to be highly sensitive to the secondary structure of polypeptides and proteins, so that it has served as an indicator of -helix and/or -sheet conformations. The dominant peak at around 1650cm -1 of the native state is characteristic for the helical secondary structure, which is the major structural component of ESA. The broadening of amide I and peak shift to around 1645-1640 cm -1 , which is discovered for pressure and heat induced aggregated sample, indicate an increase in population of disordered structure. The specific bands for intermolecular -sheet structure [6] are clearly observed at 1614 and 1685 cm -1 in the case of heataggregated state. Figures 1-B and 1-C show that the peak position of the dominant amide I band is plotted as functions of the pressure and temperature, respectively. The pressure-and heat-induced aggregates separated from the ESA solution occur above 420 MPa and 45 C, respectively. In the pressure experiment ( Figure 1-B) , the peak position of the amide I band shifts from 1649 cm -1 at 0.1 MPa to 1642 cm -1 at 960 MPa, which means that the disordered structure becomes dominant component. The pressure-induced aggregation occurs at a pressure where the pressure induced peak shift exceeds more than half of total shift. Moreover, it is interesting that the pressure-induced aggregation process of ESA is quite reversible. In Figure 1 -C, the peak position of amide I band slightly shifts to higher frequency with increasing temperature up to 45 C and sharply shifts to lower frequency with increasing temperature up to 70 C. The heat-induced aggregation occurs at 45 C. This suggests that a decrease of the -helical component induces cooperatively the formation of the heat-induced aggregates. 
Secondary structure

Kinetics
To investigate the kinetic behavior of the formation of intermolecular -sheet structure we performed the temperature-jump FT-IR experiments from 25 C to 60 C at several pressures. Figure 2 shows the time course for the heat-induced aggregation of ESA monitored by the infrared peak intensity of intermolecular -sheet (1614 cm -1 ) at 60 C and several pressures (0.1, 30, 60, and 110 MPa). When the temperature reaches 60 C, we start to measure the FT-IR spectra. The kinetics of aggregation is analyzed by using the following stretched exponential function [7] :
Here, A NHA is the peak intensity differences of intermolecular -sheet (1614 cm -1 ) between native state (25 C, 0.1 MPa) and heat-induced aggregates (60 C, several pressures) at time t. A lim is the value of A NHA at the end of reaction and A amp is the amplitude of A NHA , respectively. The k and  values are the rate constant of the formation of intermolecular -sheet and the heterogeneity parameter in Table 1 , respectively. The  value relates to shapes of function and reflects the distribution of aggregates. For  = 1, the curve can be expressed by a single exponential function with a rate constant of k. For 0 <  < 1, the curve can be expressed by a convolution of multiple exponential functions. Therefore, the kinetics can be approximated as the multiple exponential functions, which indicate that multiple event of aggregation occurred. The  value indicates the extent of the distribution of the rate constants; it decreases with extending the distribution of rate constant. However, the  value does not include the detailed information of distribution of the rate constant. For  > 1, the curve represents a sigmoidal transition with an initial lag phase. The lag phase lengthens with the increase in the  value. 
Thermodynamics
We estimate the volume difference between native state and heat-induced aggregates (V NHA ) from V NPA and V HAPA , which are the volume differences between native and pressure-induced aggregated states and between heat-induced and pressure-induced aggregated states, respectively. The dominant structures of native state, heat-induced aggregates and pressure-induced aggregates are helix, intermolecular -sheet and disordered structures, respectively. To obtain V NPA , we investigated the pressure effect on the equilibrium between native state (N) and pressure-induced aggregates (PA). Figure 3 shows the pressure dependence of the normalized FT-IR peak intensity of -helical structure (1651 cm -1 ). The midpoint pressure was about 400 MPa. Assuming that this spectral change follows the two-state model, the value of V NPA is determined by fitting the relative peak intensities at pressures to the following equation:
Here, R is the gas constant, T is the temperature, I p is the normalized peak intensity of -helix and G 0 is the free energy differences at atmospheric pressure. Figure 4 shows pressure dependence of the normalized FT-IR peak intensity of intermolecular -sheet (1694 cm -1 ).The midpoint pressure was about 150 MPa. To avoid the disturbance by the pressure-induced frequency shift to lower wave number, we monitored the higher frequency peak of intermolecular -sheet (1694 cm -1 ) for the investigation of dissociation of the heat-induced aggregates by pressure. The intermolecular -sheet was completely dissociated at around 300 MPa. The values of V HAPA and G HAPA are obtained by fitting the relative peak intensity change of the intermolecular -sheet to the equation (2) . Thus, the value of V NHA is determined to be +32 ml mol -1 by using the value of V NPA and V HAPA (V NHA = V NPA -V HAPA ). The positive value (+ 32 ml mol -1 ) of V NHA implies that the formation of the intermolecular -sheet structure is unfavorable under high pressure. 4 . Pressure effect on the normalized peak intensity of FTIR spectra at 1651 cm -1 peak intensity of FTIR spectra at 1694 cm -1 Inset is FTIR spectra in the amide I' region Inset is FTIR spectra in the amide I/I' region of ESA at various pressure and 25 ℃.
of heat-induced aggregated ESA (incubated for 60 min at 60 ℃) various pressure and 25 ℃.
